ABSTRACT The present study was conducted to investigate the effect of heat stress (HS) on performance, digestibility, and molecular transporters of amino acids in broilers. Cobb 500 chicks were raised from hatch till 13 d in floor pens. At d 14, 48 birds were randomly and equally divided between a control group (25
INTRODUCTION
Heat stress (HS) is one of the most important stressors in the (sub) tropical regions and summer season in temperate regions of the world. Poultry is affected by HS during periods of high temperature and humidity because their heat loss is limited by feathering and by the lack of sweat glands (Cahaner, 2008) . Heat stress has negative impacts on the productivity of poultry (Song et al., 2012; Sun et al., 2015) . In broilers, it has been shown that decreased growth, feed intake, and feed conversion ratio occur under HS (Temim et al., 2000a; De Souza et al., 2016) . These reductions were explained by decreased metabolic utilization of nutrients, increased heat production, reduced protein re-tention, and enhanced lipid deposition (Geraert et al., 1996) . The first step of nutrient utilization that might reduce feed efficiency is lower feed digestibility (Bonnet et al., 1997) . Some experiments have suggested that increased environmental temperatures decreased the dietary availability of nutrients such as amino acids (Zuprizal et al., 1993; Soleimani et al., 2010) . Wallis and Balnave (1984) reported that increased environmental temperatures decreased the digestibility of some amino acids in female but not in male broilers.
Under HS, a change in absorption of nutrients in the intestines may occur either by changing the intestinal mucosal morphology, the activities of digestive enzymes and intestinal motility (Tsukada et al., 2002; Ferrer et al., 2003) , or by changing the gene expression of nutrient transporters (Ferrer et al., 2003; Shepherd et al., 2004) . Different molecular transporters are responsible for the cellular uptake of amino acids. The uptake of amino acid molecules into a specific cell type may occur by different transport systems depending 2312 on the tissue, the charge of the amino acid, and the direction of transport (Bröer, 2008; Stevens, 2010) . The nutrient and energy available to the animal for growth are affected by the expression of nutrient transporter systems in the intestinal epithelium brush border (Mott et al., 2008) . In animal and human skeletal muscle, muscle protein metabolism is regulated by amino acid ingestion through stimulation of the mammalian target of rapamycin complex1 signaling pathway (Suryawan et al., 2008; Dickinson et al., 2011) . This stimulation by amino acids influences an increase in the rate of muscle protein synthesis (Fujita et al., 2007; Dickinson et al., 2011) . In human skeletal muscle, amino acid transporters play an important role in regulating changes in muscle protein synthesis (Dickinson and Rasmussen, 2013) . In chickens, chronic HS reduced protein synthesis and decreased protein break down in the Pectoralis (P.) major leading to reduced protein deposition (Temim et al., 2000b) , therefore, an understanding of the regulation of amino acid transporters could guide in optimization of the dietary requirement under HS. Heat stress generates reactive oxygen species, which may alter the levels of mRNA of amino acid transporters, hence affecting the amino acid digestibility. The objective of this study was to investigate the effect of heat stress on ileal digestibility and amino acid transporters in meat-type chickens.
MATERIALS AND METHODS

Animals and Diets
Research on live chickens met the guidelines approved by the institutional animal care and use committee of the University of Georgia. Male Cobb 500 chicks were raised from hatch until d 13 under standard husbandry practices. At d 14, 48 individuals at similar body weight (BW) were divided into 2 groups and raised under either constant normal or high temperature (25 • C or 35
• C) from d 14 to 33 in individual cages (L = 30.48 cm x B = 60.96 cm x H = 45.72 cm). The digestibility experiment started from d 26 to 33.The birds were fed ad libitum on a diet containing 18.7% crude protein and 3,560 Kcal ME/Kg. The analyzed dietary composition is presented in Table 1 . Individual BW and feed intake (FI) were measured at one and 12 d after HS. Feed conversion ratio (FCR) was calculated as FI per BWG. The amino acid consumed was calculated from the amount of amino acid in the diet and the amount of feed consumed during day 26 to 33.
Apparent Digestibility
The ileum contents were collected from 5 birds per treatment and dried for amino acid analysis. Amino acid profile of the diets and ileal content of each bird were analyzed using standardized methods (AOAC, 2000) . The apparent ileal digestibility (AID) of amino acids (aa) were calculated as (Edwards and Gillis, 1959) :
The amino acids analyzed were methionine, lysine, cysteine, threonine, isoleucine, valine, tryptophan, arginine, leucine, glycine, proline, alanine, aspartic acid, glutamic acid, serine, tyrosine, phenylalanine, hydroxylysine, ornithine, and histidine. The amino acid retained (AAR) (mg/week) was calculated as AID multiplied by amino acid intake from d 26 to 33 The AAR per BWG (mg/g) was calculated as the ratio of AAR and BWG from d 26 to 33.
Gene Expression of Amino Acid Transporters
For gene expression analyses, ileum and P. major tissue samples were collected from 5 birds in each treatment group at one and 12 d post HS and were immediately placed in liquid nitrogen and later stored at -86
• C. Total RNA was extracted from P. major and ileum tissues using Trizol reagent (Invitrogen Corp., Carlsbad, CA) according to manufacturer's instructions and purified with RNeasy mini kits (Qiagen, Valencia, CA) according to the manufacturer's protocol. The RNA samples were suspended in RNase-free water, and sample purity and concentration were measured on a Nano Drop spectrophotometer (Thermo Scientific, Wilmington, DE). For cDNA synthesis, 10 μg of total RNA was reversed transcribed with high capacity cDNA reverse transcription kits according to manufacturer's protocol (Applied Biosystems, Carlsbad, CA). Real-time PCR reactions were performed using the StepOnePlus (Applied Biosysems, Carlsbad, CA). Final concentration 57.5 ng/μl cDNA served as a template in a 20μl PCR mixture containing a final concentration 150 nM each of forward and reverse primers from 10 μM stocks and Fast SYBR Green Master Mix (Applied Biosystems, Carlsbad, CA). The PCR conditions were 95
• C for 20 s, followed by 40 cycles of 95 • C for 3 s and 60
• C for 30 seconds. In addition, at the end of each reaction, a melting temperature curve of every PCR reaction was determined. Data were analyzed according to the 2 −ΔΔCt method (Livak and Schmittgen, 2001) and were normalized by β-actin expression in each sample. The NCBI accession numbers, forward, reverse primers, and amplicon sizes used in this study are provided in Table 2 .
Statistical Analysis
Data analyses for BWG, FI, FCR, AAI, AID, and AAR were carried out using PROC GLM in SAS (2011) . Contrasts between the treatment levels were used to assess the statistical significance.
RESULTS
Birds under HS consumed less feed and experienced less growth compared to the controls (P < 0.05). There was difference in FCR between the 2 groups during days 26 to 33 (Table 3 ). The chickens in the HS environment consumed 20.44% less feed and grew 22.74% slower compared to the birds in the normal environment Although AID of amino acids was consistently 2% higher in the HS group, the differences were not statistically significant except for hydroxylysine. The AID of hydroxylysine was higher (P < 0.05) in the HS group than the control group (Table 4) . The increase in AID of hydroxylysine in the HS group was 8% compared to the control group whereas the AID of the other amino acids increased by 0.5 to 4% under HS compared to the controls. Chickens exposed to HS had about 39% reduction in amino acids retention compared to the control group. Even though amino acids retention was higher than the control group; in general, amino acids retained per BWG were higher (P > 0.05) in the HS group compared to the controls (Table 5 ) except for hydroxylysine and ornithine.
Heat stress and tissue type had statistically significant effects on the expression of some amino acid transporters. The results of amino acid transporter expression in the P. major and ileum are presented in Figures 1 and 2 . The mRNA expression of LAT1 transporter decreased in the ileum at d one and 12 after HS in the treatment group compared to the control group. However, expression of CAT1 transporter in the ileum decreased only at 12 d post HS. Across tissues, the mRNA expression was decreased in the P. major and increased in the ileum for LAT4 and SNAT1 transporters at d one and for SNAT1 transporter at d 12 after exposure to HS in the heat stress group compared to the control group. Similarly, the mRNA expression of B 0 AT transporter was decreased in the P. major and ileum at d 12 post HS compared to the control group. Meanwhile this transporter was expressed higher in the ileum at d one after exposure to HS than in the control group. The mRNA expression b 0,+ AT transporter in the HS group was decreased at d one post HS in both tissues compared to controls. The SNAT2 transporter expression was decreased in the P. major at d one and in the ileum at d one and 12 post HS in the treatment group compared to the control. The SNAT7 and TAT1 transporter expressions were down-regulated at d one and 12 post HS in both tissues compared to the control group. Generally, the mRNA expression of amino acid transporters in the current study was down in the ileum at d 12 of HS except for LAT4 and TAT1 compared to the control group. The mRNA expression of B 0 AT, SNAT7, and TAT1 transporters were downregulated in the P. major at d 12 post HS compared to the control group.
DISCUSSION
The findings of this study revealed that HS significantly decreased growth by 34% and FI by 31%. Under HS, the FI is reduced, which leads to reduced intake of nutrients and thus limits growth (Geraert et al., 1996; Sohail et al., 2012; Diarra and Tabuaciri, 2014) . The decrease in FI of the HS group also resulted in decreases in amino acid intake. However, reduced FI alone was found not to explain the entire effect of high temperature on growth (Temim et al., 1999) . The reduction in FI may likely be due to the birds attempting to reduce the heat load within the body by limiting additional heat production resulting from increased digestion of feed (Etches et al., 2008 ).
In the current study, HS had no effect on AID of amino acids. Other studies also have found no relationship between digestibility and HS, except for a few amino acids (Wallis and Balnav, 1984; Koelkebeck et al., 1998) . The HS group incorporated more amino acids per unit growth than the control group, yet BWG was significantly reduced in the HS group. Heat stress leads to lower protein synthesis (Jacob, 1995) and increased protein degradation (Adomako et al., 2016) . The higher amino acid incorporation into growth during heat stress may explain the reduced muscle protein turnover observed by Temim et al. (2000b) when they subjected birds to HS. This may suggest that increasing the proteinogenic amino acid concentration in diets during HS could mitigate some of the effects of HS on growth. This result may suggest a decrease in protein synthesis or an increase in catabolic rate. The proportional incorporation of cysteine into growth was highest among all the amino acids under heat stress. Cysteine is a major component of glutathione (GSH), the major antioxidant in the body. Heat stress leads to oxidative stress (Lin et al., 2006; Azad et al., 2010) and GSH mitigates the effects of HS. It is plausible that under HS, the need for GSH increases thereby leading to a higher incorporation of cysteine into tissues. Cysteine is considered to be a non-essential amino acid. Perhaps under HS, the increased need for GSH could render cysteine essential. Cysteine is derived from methionine through the transsulfuration pathway; therefore, under HS, the dietary concentration of methionine could be increased in an attempt to increase tissue cysteine levels.
The changes in the expression of amino acid transporters in the intestine and P. major may explain the reduction in feed efficiency and BWG in heat stressed chickens. Exposure to HS leads to up-regulation of B 0 AT and LAT4 and down-regulation of LAT1 expression in the ileum at d one post HS compared to the control group. LAT4 and LAT1 transporters are expressed in the basolateral membrane, whereas the B 0 AT is expressed in the apical membrane (Stevens, 2010) . In the apical membrane, the B 0 AT (SLC6A19) is involved in low affinity and Na + independent transport of neutral amino acids in the intestine and kidney (Bröer, 2008) . In the current study we observed that after one d of exposure to HS, the birds increased their intake of neutral amino acids. The b 0,+ AT (SLC7A9) transporter is another Na + independent transporter of neutral amino acids (Hyde et al., 2003) but is involved in high affinity transport (Stevens, 2010) . This transporter was downregulated in the ileum after one d of HS and this may have reduced the influx of neutral amino acids. In the basolateral membrane, LAT1 (SLC7A5) mediates the transport of hydrophobic amino acids (Su et al., 2015) . This transporter was down-regulated in the ileum at d one and 12 post HS compared to the control group. These results suggest that under HS, birds reduce the influx of hydrophobic amino acids. LAT4 (SLC43A2) mediates the transport of phenylalanine, leucine, isoleucine, and methionine with low affinity contributing to efflux of amino acids after their luminal uptake from the intestinal lumen (Kanai et al., 1998; Bodoy et al., 2005; Bröer, 2008; Guetg et al., 2015) . This transporter is up-regulated in the ileum and down-regulated in the P. major at d one post HS.
The T system amino acid transporter TAT1 (SLC16 A10) was down-regulated in the P. major and ileum at d one post HS. TAT1 plays a vital role in transport of aromatic amino acids (phenylalanine, tyrosine, and tryptophan). This result suggests that the birds under HS possibly maintained homeostasis by downregulating TAT1. Ramadan et al. (2006) reported that aromatic amino acids effluxing through TAT1 can be recycled by LAT1-4F2hc through the diffusion of other intracellular neutral amino acids. Therefore, after one d post HS, mRNA expression levels of LAT1 and TAT1 suggest that the birds try to maintain the balance of aromatic amino acids between ileum cells.
At d one post HS the amino acid transporters SNAT2 (SLC38A2) and SNAT7 (SLC38A7) were downregulated in the ileum and P. major; meanwhile, SNAT1 (SLC38A1) was down-regulated only in the P. major. It has been reported that glutamine is a preferable substrate throughout the SLC38 gene family (Mackenzie and Erickson, 2004) . Glutamine is an important amino acid for providing fuel for metabolism, regulating cell proliferation, and maintaining the gut barrier functions (Young and Ajami, 2001) . Glutamine deprivation leads to villous atrophy and cell necrosis in the intestines (Labow and Souba, 2004) ; therefore, decreased intake of glutamine under the HS groups as a result of reduced SNAT1,2,7 expression could potentially lead to villi atrophy and reduced growth. Similarly, at d 12, mRNA expression of the LAT1, SNAT1, SNAT2, and SNAT7 transporter genes was decreased and that of LAT4 transporter gene was increased. Meanwhile, the mRNA expression of B 0 AT (SLC6A19) transporter gene was decreased. These could explain the reason for the reduction of amino acid intake under HS in the current study. Additionally, the mRNA expression of the CAT1 transporter gene was decreased after 12 d post HS. CAT1 is a cationic amino acid transporter and is sodium independent (Hyde et al., 2003) . Fernandez et al. (2001) reported that the cationic amino acid transporter CAT1 promotes arginine and lysine uptake. In the current study we show that HS can decrease mRNA expression of CAT1 in the ileum after 12 days. This decrease may explain the decrease in uptake of cationic amino acids under HS. Similar to d one post HS, the mRNA expression of SNAT7 and TAT1 transporters was decreased in the P. major at d 12. Meanwhile, the expression of the SNAT1 transporter gene was increased, which may be an attempt by the birds under HS to maintain glutamine homeostasis.
CONCLUSION
Subjecting broiler chickens to HS reduces growth due to reduction in feed and amino acid intake. However, broiler chickens tend to maintain the same amino acid digestibility and to channel more amino acids into growth than their counterparts raised under recommended temperatures. Heat stress changes the dynamics of amino acid transporters in the P. major muscle and the ileum. Heat stress after 12 d affects the cationic amino acid metabolism, which is explained by decreased mRNA expression of cationic amino acid transporters. Heat stress may lead to reduced protein deposition in the muscles through down-regulation of the SNAT family. However, since AID of amino acids is similar between heat-stressed birds and birds raised in a thermoneutral environment, proteinogenic amino acid concentration could be increased in the diet to promote protein synthesis and reduce protein turnover when birds are under heat stress.
